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1� Project Objectivesand Overview

Theoverallobjectiveof theComplexity-AdaptiveProcessing(CAP)projectis toprovideon-the-fly, low-cost
hardwareadaptationsoasto bettermatchhardwarecomplexity andspeedto applicationdemands,thereby
dramaticallyimproving powerefficiency withoutundulycompromisingperformance.TheCAPapproachis
to incorporatenovel, low-intrusive feedbackandcontrolmechanismsinto conventionalmicroprocessors,so
asto retaintheirhighclockratesandhighfunctionaldensitywhile bettermatchingtheirhardwareresources
to varyingapplicationphasecharacteristics.A combinationof hardwareandsystemsoftwarecontrolseach
elementof performanceanddynamicpower: hardwarecomplexity (switchedcapacitance),latency, clock
frequency, andsupplyvoltage. Theseelementsaremanifestedasdynamichardwarestructuresandfine-
grainedclockfrequency andvoltagecontrolcircuits,andarecontrolledsoasto meetperformanceobjectives
in themostpower-efficient mannerpossible.

Thedynamichardwarestructuresof theCAP projectexploit thecharacteristicsof majormicroprocessor
hardwarestructures.In the very-deep-submicrometer regime, large on-chipRAM andCAM-basedstruc-
turesrequirerepeatersin their global wires in order to minimize propagationdelay. Theserepeatersare
convertedinto low-overheadswitchesthat electricallyisolateindividual sectionsof the structure,thereby
allowing sectionsto bealmostinstantaneouslyturnedon or off. Theresultingdynamichardwarestructures
canbe reorganized(e.g., resized)on-the-flyto to matchthe differenthardware requirementsof different
applicationphases.

As partof theCAPproject,aMultiple ClockDomain(MCD) processormicroarchitectureis investigated.
In MCD, the processoris split into multiple domains,within which the frequency andsupplyvoltagecan
be independentlyscaled.Synchronizationcircuitsassurereliablecommunicationamongdomains.In this
manner, thosedomainsthatarenot a performancebottleneckfor a particularapplicationphasecanberun
at lower frequency andvoltage,therebysaving energy with tolerableperformanceimpact. This fine-grain
voltagescalingapproachis effective acrossawide rangeof general-purposeandembeddedapplications,in
contrastto thelimited utility of globalvoltagescaling.

Lowerpowerorganizationalalternativesto complex hardwarestructuresarealsobeingdevelopedaswell
asnovel circuit andsoftwaretechniquesfor power reduction.A definingcharacteristicof theCAP project
is thatit synergistically combinesinnovationsat thecircuits,architecture,andsoftwarelevels.

Anotherdefiningcharacteristicof theCAPprojectis closetieswith leadingindustryresearchlaboratories
in orderto enabletechnologytransfer. Indeed,two of thePhDstudentssupportedon this projectarenow
researchingpower-awaremicroarchitectureandcircuitsasResearchStaff Membersin industry, oneat the
IBM T.J.WatsonResearchCenter, andtheotherat Intel’s BarcelonaResearchCenter. (Oneotheris inter-
viewing at IBM Austin ResearchandT.J. WatsonResearchLabs,while threeareAssistantProfessorsin
academia,at theUniversityof Wisconsin-Madison[startingthis fall], theUniversityof Utah,andRochester
Instituteof Technology.) BothIBM andIntel providedtheirown fundingfor CAPresearchthroughoutmost
of thecontractperiod,andcontinueto doso.

2 TechnicalAccomplishments

Under this contract,our teaminventeda wealthof novel approachesfor reducingmicroprocessorpower
dissipationwith minimal andareaperformancecosts.Thesearebriefly summarizedbelow, anddescribed
in detailin theprovidedpublications.
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2.1 Adaptive Techniquesfor Performanceand Energy [9, 10, 13,14, 15,17, 18,19,21]

Our groupintroducedwhatwe termedcomplexity adaptiveprocessors to theresearchcommunityin 1998
at ISCA [1] andanassociatedworkshop[2]. Sincethen,thefield of adaptiveprocessing[6] hasbeenavery
activeareaof research,bothby ourgroup[1, 2, 3, 4, 5, 8, 9, 10, 14, 15, 17, 18, 19,21, 58, 59], aswell asby
many others[7, 20, 28, 29, 30, 31, 49, 50, 51,57, 60,61]. Theadaptive techniquesthatourgroupdeveloped
underthiscontractareasfollows:

� AdaptivecacheandTLBhierarchies[9, 10]: A cacheandTLB layoutanddesignis devisedthatlever-
agesrepeaterinsertionto provide dynamiclow-costconfigurability, tradingoff sizeandspeedon a
perapplicationphasebasis.A novel configurationmanagementalgorithmis developedthatdynami-
cally detectsphasechangesandreactsto anapplication’s hit andmissintolerancein orderto improve
memoryhierarchyperformancewhile takingenergy consumptioninto consideration.Whenapplied
to a two-level cacheandTLB hierarchyat 0.1� m technology, theresultis anaverage15%reduction
in cyclesper instruction(CPI), correspondingto an average27% reductionin memory-CPI,across
a broadclassof applicationscomparedto the bestconventionaltwo-level hierarchyof comparable
size.Projectingto sub-.1� m technologydesignconsiderationsthatcall for a three-level conventional
cachehierarchyfor performancereasons,we demonstratethata configurableL2/L3 cachehierarchy
coupledwith a conventionalL1 resultsin anaverage43%reductionin memoryhierarchyenergy in
additionto improvedperformance.

� Adaptiveissuequeues[14, 15, 18, 19]: Weperformacircuit designof anissuequeuefor asuperscalar
processorthat leveragestransmissiongateinsertionto provide dynamiclow-costconfigurabilityof
sizeandspeed.A novel circuit structuredynamicallygathersstatisticsof issuequeueactivity over
intervalsof instructionexecution.Thesestatisticsarethenusedto changethesizeof an issuequeue
organizationon-the-flyto improve issuequeueenergy andperformance.Whenappliedto a fixed,
full-size issuequeuestructure,theresultis up to a 70%reductionin energy dissipation.UsingIBM
processparametersandlibrariesusedin a high-endprocessor, we determinethat the complexity of
the additionalcircuitry is almostnegligible. Furthermore,self-timedtechniquesembeddedin the
adaptive schemeprovide a 56% decreasein cycle time of the CAM array readof the issuequeue
whenwechangetheadaptive issuequeuesizefrom 32entries(largestpossible)to 8 entries(smallest
possiblein ourdesign).

� Integratingmultipleadaptivestructures,includingcaches,issuequeue, registerfiles,andtheReorder
Buffer [21]: Prior adaptive hardwarestudiesanalyzedindividual structuresandtheir control.A com-
monthemeto thesestudiesis explorationof theconfigurationspaceanduseof systemIPCasfeedback
to guidereconfiguration.However, whenmultiplestructuresadaptin concert,thenumberof possible
configurationsincreasesdramatically, andassigningcausaleffectsto IPC changebecomesproblem-
atic. To overcomethis issue,we developdesignsthatarereconfiguredsolelyon local behavior. We
inventa novel cachedesignthatpermitsdirectcalculationof efficient configurations.For buffer and
queuestructures,limitedhistogrammingpermitspreciseresizingcontrol. Whenapplyingthesetech-
niques,weshow energy savingsof upto 70%ontheindividualstructures,andsavingsaveraging30%
overall for theportionof energy attributedto thesestructures,with only anaverage2.1%performance
cost.

� Co-adaptiveinstructionfetch andissue[17]: Front-endinstructiondelivery accountsfor asignificant
fractionof the energy consumedin a dynamicsuperscalarprocessor. The issuequeuein thesepro-
cessorsservestwo crucialroles: it bridgesthefront andbackendsof theprocessorandservesasthe
window of instructionsfor theout-of-orderengine.A mismatchbetweenthefront endproducerrate
andbackendconsumerrate,andbetweenthesuppliedinstructionwindow from thefront end,andthe
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requiredinstructionwindow to exploit thelevel of applicationparallelism,resultsin additionalfront-
endenergy, andincreasesthe issuequeueutilization. While the former increasesoverall processor
energy consumption,thelatteraggravatestheissuequeuehotspotproblem.

Wedevelopacomplementarycombinationof fetchgatingandissuequeueadaptationto addressboth
of theseissues.We introducean issue-centricfetchgatingschemebasedon issuequeueutilization
andapplicationparallelismcharacteristics.Our schemeattemptsto provide an instructionwindow
sizethatmatchesthecurrentparallelismcharacteristicsof theapplicationwhile maintainingenough
queueentriesto avoid back-endstarvation.Comparedto aconventionalfetchgatingschemebasedon
flow-ratematching,wedemonstrate20%betteroverallenergy-delaywith a44%additionalreduction
in issuequeueenergy. We identify Icacheenergy savings as the largestcontributor to the overall
savingsandquantify thesourcesof savings in this structure.We thencouplethis issue-driven fetch
gatingapproachwith an issuequeueadaptationschemebasedon queueutilization. While the fetch
gatingschemeprovides a window of issuequeueinstructionsappropriateto the level of program
parallelism,theissuequeueadaptationapproachshutsdown theremainingunderutilizedissuequeue
entries. Usedin tandem,thesecomplementarytechniquesyield a 20% greaterissuequeueenergy
savings thantheadditionof thesavings from eachtechniqueappliedin isolation. Theresultof this
combinedapproachis a6%overallenergy-delaysavingscoupledwith a54%reductionin issuequeue
energy.

� Energy-efficientadaptiveclusteredprocessors [13]: Clusteredmicroarchitecturesareanattractive al-
ternative to largemonolithicsuperscalardesignsdueto theirpotentialfor higherclockratesin theface
of increasinglywire-delay-constrained processtechnologies.As increasingtransistorcountsallow an
increasein the numberof clusters,therebyallowing moreaggressive useof instruction-level paral-
lelism (ILP), theinter-clustercommunicationincreasesasdatavaluesgetspreadacrossawider area.
As aresultof theemergenceof this trade-off betweencommunicationandparallelism,asubsetof the
total on-chipclustersis optimal for performance.To matchthehardwareto theapplication’s needs,
we usea robust algorithmto dynamicallytunethe clusteredarchitecture.The algorithm,which is
basedon programmetricsgatheredat periodicintervals,achievesan11%performanceimprovement
on averageover thebeststaticallydefinedarchitecture.Wealsoshow thattheuseof additionalhard-
wareandreconfigurationat basicblock boundariescanachieve averageimprovementsof 15%while
usingon averagefour out of eight clusters,permittingtheseclustersto be turnedoff to save power
whenthey arenotneeded.Our resultsdemonstratethatreconfigurationprovidesaneffective solution
to the communicationandparallelismtrade-off inherentin the communication-boundprocessorsof
thefuture.

A subsetof this work is summarizedin our articlein theIEEE Computerspecialissueon Power-Aware
Computing[6].

2.2 Multiple Clock Domain Micr oarchitecture [41, 42,53, 55,56]

As clock frequency increasesandfeaturesizedecreases,clockdistribution andwire delayspresenta grow-
ing challengeto thedesignersof singly-clocked,globally synchronoussystems.We developanalternative
approach,which we call a Multiple Clock Domain (MCD) processor, in which the chip is divided into
several (coarse-grained)clock domains,within which independentvoltageand frequency scalingcanbe
performed[42, 56]. Boundariesbetweendomainsarechosento exploit existing queues,therebyminimiz-
ing inter-domainsynchronizationcosts. We proposefour clock domains,correspondingto the front end
(includingL1 instructioncache),integerunits,floatingpoint units,andload-storeunits(includingL1 data
cacheandL2 cache).We evaluatethis designusinga simulationinfrastructurebasedon SimpleScalarand
Wattch. In an attemptto quantify potentialenergy savings independentof any particularon-line control
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strategy, weuseoff-line analysisof tracesfrom asingle-speedrunof eachof ourbenchmarkapplicationsto
identify profitablereconfigurationpointsfor a subsequentdynamicscalingrun. Dynamicrunsincorporate
a detailedmodelof inter-domainsynchronizationdelays,with latenciesfor intra-domainscalingsimilar to
thewhole-chipscalinglatenciesof Intel XScaleandTransmetaLongRuntechnologies.Usingapplications
from theMediaBench,Olden,andSPEC2000benchmarksuites,weobtainanaverageenergy-delayproduct
improvementof 20%with MCD comparedto amodest3% savingsfrom voltagescalinga singleclock and
voltagesystem.

Subsequently, weinventanonline,hardware-based,algorithmtodynamicallycontrolthefrequency/voltage
of MCD [53]. Our approach,which we call the Attack/DecayAlgorithm, monitorsdifferencesin domain
inputqueueutilizationover intervalsof operation.Thealgorithmadjuststhefrequency andvoltageof ado-
mainif largedifferencesareobserved,andotherwisedecaysthefrequency/voltagein smallincrements.Our
algorithmachievesonaveragea19.0%reductionin Energy PerInstruction(EPI),a3.2%increasein Cycles
PerInstruction(CPI),a16.7%improvementin EnergyDelayProduct,anda PowerSavingsto Performance
Degradationratio of 4.6. Traditionalfrequency/voltagescalingtechniqueswhich applyreductionsglobally
to afully synchronousprocessorachieveaPowerSavingsto PerformanceDegradationratioof only 23. Our
EnergyDelayProductimprovementis 85.5%of thatachievedusingtheprior offline algorithm[56].

Wethendevisetechniquesfor automaticinsertionof reconfigurationinstructionsinto applications,using
profile-driven binary rewriting [41]. Profile-basedreconfigurationintroducesthe needfor “training runs”
prior to productionuseof agivenapplication,but avoidsthehardwarecomplexity of on-linereconfiguration.
It also hasthe potentialto yield significantly greaterenergy savings. Experimentalresults(training on
smalldatasetsandthenrunningon larger, alternative datasets)indicatethat theprofile-drivenapproachis
morestablethanhardware-basedreconfiguration,andyieldsvirtually all of theenergy-delayimprovement
achieved via off-line analysis.Specifically, the approachyields an average31% overall processorenergy
savingswith only a7%performancedegradation,aresultwhichcomparesveryfavorablywith thenear-ideal
offline approach[56].

We alsoanalyzea simulatedAlpha 21264-like MCD microarchitecturein orderto identify thearchitec-
tural featuresof theprocessorthat influencethe less-than-expectedperformancedegradationdueto inter-
domainsynchronization[55]. We show thattheout-of-ordersuperscalarexecutionanddecouplingfeatures
of a high performancemicroprocessor, which allow latency to behidden,arethesamefeaturesthatreduce
theperformancedegradationimpactof thesynchronizationcostsof anMCD processor. In thecaseof our
Alpha 21264-like processor, up to 94%of theMCD synchronizationdelaysarehiddenanddo not impact
overallperformance.In addition,weshow thatby addingout-of-ordersuperscalarexecutioncapabilitiesto a
simplermicroarchitecture,suchasanIntel StrongARM-like processor, asmuchas62%of theperformance
degradationcausedby synchronizationdelayscanbeeliminated.

Finally, wecombineouradaptiveprocessingandMCD techniquesin orderto improveperformance[54].
We explore “upsizing” hardware resourcesin order to improve performancerelative to an aggressively
clocked baselineprocessor. We usea variantof our MCD processorwith four independentlyclocked do-
mains. Eachdomainis streamlinedwith modesthardwarestructuresfor very high clock frequency. Key
structurescanthenbeupsizedon demandto exploit moredistantparallelism,improve branchprediction,
or increasecachecapacity. Althoughdoingsorequiresdecreasingtheassociateddomainfrequency, other
domainfrequenciesareunaffected.Measuringacrossa broadsuiteof applicationbenchmarks,wefind that
configuringjust onceperapplicationincreasesperformanceby anaverageof 17.6%comparedto thebest
fully synchronousdesign.Whenadaptingto applicationphases,performanceimprovesby over20%.

A subsetof thiswork is summarizedin ourarticlein theIEEEMicro specialissueon theTopPicksfrom
MicroarchitectureConferences[42]. Our ongoingMCD work is describedin Section3.
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2.3 Power-Efficient IssueQueues[14, 16]

In additionto adaptive issuequeues,we deviseseveralotherenergy-efficient issuequeueapproaches.Sev-
eralmicroprocessors,includingtheAlpha 21264andPOWER4,usea compactinglatch-basedissuequeue
designwhich hastheadvantageof simplicity of designandverification.Thedisadvantageof this structure,
however, is its high power dissipation.We developseveraldifferentissuequeuepower optimizationtech-
niquesthatvarynotonly in theirperformanceandpowercharacteristics,but in how muchthey deviatefrom
the baselineimplementation.Thesetechniquesincludefine-grainclock gating,non-compaction,a novel
bankingscheme,anddynamicadaptation.By developingandcomparingtechniquesthat build incremen-
tally on thebaselinedesign,aswell asthosethatachieve higherpower savings througha moresignificant
redesigneffort, we quantify the extra benefitthe higher designcost techniquesprovide over their more
straightforwardcounterparts.

2.4 High-Speed,Power-Aware RegisterFiles [11, 12]

Modernsuperscalarprocessorsusewide instructionissuewidths and out-of-orderexecutionin order to
increaseinstruction-level parallelism(ILP). Becauseinstructionsmustbecommittedin ordersoasto guar-
anteepreciseexceptions,increasingILP implies increasingthesizesof structuressuchasthe registerfile,
issuequeue,andreorderbuffer. Simultaneously, cycle time constraintslimit thesizesof thesestructures,
resultingin conflictingdesignrequirements.

To addresstheseissues,we devise a novel microarchitecturedesignedto overcomethe limitations of
a registerfile sizedictatedby cycle time constraints[11]. Available registersaredynamicallyallocated
betweenthe primary programthreadand a future thread. The future threadexecutesinstructionswhen
the primary threadis limited by resourceavailability. The future threadis not constrainedby in-order
commitrequirements.It is thereforeableto examinea muchlarger instructionwindow andjump far ahead
to executereadyinstructions. Resultsarecommunicatedbackto the primary threadby warmingup the
registerfile, instructioncache,datacache,andinstructionreusebuffer, andby resolvingbranchmispredicts
early. Theproposedmicroarchitectureis ableto getanoverall speedupof 1.17over thebaseprocessorfor
ourbenchmarkset,with speedupsof up to 1.64.

The numberof physicalregisterswithin the processorhasa direct impacton the size of the instruc-
tion window asmostin-flight instructionsrequirea new physicalregisterat dispatch.A largemultiported
registerfile helpsimprove the ILP, but may have a detrimentaleffect on clock speed,especiallyin future
wire-limited technologies.We proposea registerfile organizationthat reducesregisterfile sizeandport
requirements(therebysaving power) for agivenamountof ILP [12]. Weuseatwo-level registerfile organi-
zationto reduceregisterfile sizerequirements,anda bankedorganizationto reduceport requirements.We
demonstrateempirically that theresultingregisterfile organizationshave reducedlatency and(in thecase
of thebanked organization)energy requirementsfor similar instructionspercycle (IPC) performanceand
improved instructionsper second(IPS) performancein comparisonto a conventionalmonolithic register
file. Theseoptimizationsreduceregisterfile powerdissipationby morethana factorof four.

2.5 ReducingStatic Power in Micr oprocessorFunctional Units [22]

Staticenergy dueto subthresholdleakagecurrentis projectedto becomea major componentof the total
energy in high performancemicroprocessors.Many studiessofar have examinedandproposedtechniques
to reduceleakagein on-chipstoragestructures.In thisstudy, staticenergy is reducedin theintegerfunctional
unitsby leveragingtheuniquequalitiesof dualthresholdvoltagedominologic.

Dominologic hasdesirablepropertiesthatgreatlyreduceleakagecurrentwhile providing fastpropaga-
tion times.However, dueto theenergy costof enteringthelow leakagecurrentstate(sleepmode),domino
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logic hasthusfar beenusedonly for leakagereductionin the long-termstandbymode. We examinethe
utility of thesleepmode(while consideringtheaforementionedcosts)whenidle timesarerelatively short,
oneto a few hundredcycles,asis oftenthecasefor functionalunits.

We develop an analyticalenergy model suitablefor architecture-level analysis,and usethe model to
explore the interactionof theapplicationandtechnology, andtheeffect on energy andperformanceasthe
underlyingparametersarevaried,on a setof benchmarks.Our resultsshow that if the leakageapproaches
themagnitudeasprojectedin theliterature,evenfor shortidle intervalsasfew astencycles,anaggressive
policy of activatingthesleepmodeat every idle periodperformswell anda morecomplex controlstrategy
maynot bewarranted.We devisea novel approach,calledGradualSleep, to reducetheenergy impactof
usingthesleepmodefor smalleridle periods.Thegradualsleeppolicy is ableto optimallyexploit thesleep
modestatefor variousdegreesof staticpower, permittingthesamepolicy to beusedasthedesignis scaled
into moreaggressive technology.

2.6 Multi-Thr eadedProcessorPower and NoiseReduction [23, 24,25]

Theperformanceandpoweroptimizationof dynamicsuperscalarmicroprocessorsrequiresstrikingacareful
balancebetweenexploiting parallelismandhardwaresimplification. Hardwarestructureswhich areneed-
lesslycomplex mayexacerbatecritical timing pathsanddissipateextrapower. Onesuchstructurerequiring
carefuldesignis the issuequeue. In a SimultaneousMulti-Threading(SMT) processor, it is particularly
challengingto achieve issuequeuesimplificationdueto the increasedutilization of thequeueaffordedby
multi-threading.

We invent new front-endpoliciesthat reducethe requiredinteger andfloating point issuequeuesizes
in SMT processors[25]. We exploreboth generalpoliciesaswell asthosedirectedtowardsalleviating a
particularcauseof issuequeueinefficiency. Twopoliciesareparticularlyeffectiveandeasilyimplementable.
Thefirst countsthenumberof instructionsin theissuequeuefor eachthreadthatweredispatchedwith oneor
moresourceoperandsunavailable.Instructionsarenotfetchedfor agiventhreadif its countis aboveagiven
threshold.Theotherpolicy predictswhenafetchedloadwill missin thedatacachelaterin thepipeline,and
maintainsa countof suchinstructionsfor eachthread. Again, no instructionfetchingoccursfor a thread
whosecountexceedsa threshold. For the samelevel of performance,the mosteffective combinationof
thesepoliciesreducesthe issuequeueoccupancy by 33% for an SMT processorwith appropriately-sized
issuequeueresources,resultingin a commensuratelevel of issuequeuepower savings without loss of
performance.

SMT processorsalsoexacerbatethe inductive noiseproblemsuchthat moreexpensive electronicsolu-
tionsarerequiredevenwith theuseof previouslyproposedmicroarchitecturalapproaches.Weusedetailed
microarchitecturalsimulationtogetherwith the Pentium4 power delivery model to demonstratethe im-
pactof SMT on inductive noise,andto identify thread-specificmicroarchitecturalreasonsfor high noise
occurrences[24]. We make thekey observation that thepresenceof multiple threadsactuallyprovidesan
opportunityto mitigatethecyclical currentfluctuationsthatcausenoise,andproposetheuseof a prior per-
formanceenhancementtechniqueto achieve this purpose.Specifically, we demonstratethat the judicious
combinationof flushingwith dampingdramaticallyimprovesperformanceandpowerefficiency for agiven
guaranteednoiselimit.

Ourongoingwork in power-efficientmulti-threadingis discussedin Section3.

2.7 Efficient On-Chip dc-dcConversion [36, 37,38, 39]

A novel on-chipbuckconverteris designedandanalyzedusingIntel processparametersandcircuit libraries.
A high switchingfrequency is thekey designparameterthatsimultaneouslypermitsmonolithicintegration
andhighefficiency. A modelof theparasiticimpedancesof abuckconverteris developed.With thismodel,
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a designspaceis determinedthat allows integration of active andpassive deviceson the samedie for a
target technology. An efficiency of 88.4%at a switching frequency of 477 MHz is demonstratedfor a
voltageconversionfrom 1.2-0.9voltswhile supplying9.5A averagecurrent.Theareaoccupiedby thebuck
converteris 12.6mm� assumingan80-nmCMOStechnology. An estimateof theefficiency is shown to be
within 2.4%of simulationat thetargetdesignpoint. Full integrationof a high-efficiency buck converteron
thesamediewith adual-V��� microprocessoris demonstratedto befeasible.

A low-voltage-swingMOSFETgatedrive techniqueis proposedfor enhancingtheefficiency characteris-
ticsof thehigh-frequency-switching dc-dcconverter. Theparasiticpowerdissipationof adc-dcconverteris
reducedby loweringthevoltageswingof thepower transistorgatedrivers.A comprehensive circuit model
of the parasiticimpedancesof a monolithicbuck converter is presented.Closed-formexpressionsfor the
total power dissipationof a low-swingbuck converterareproposed.Theeffect of reducingtheMOSFET
gatevoltageswingsis exploredwith the proposedcircuit model. A rangeof designparametersis evalu-
ated,permittingthe developmentof a designspacefor full integrationof active andpassive devicesof a
low-swingbuckconverteronthesamedie,for atargetCMOStechnology. Theoptimumgatevoltageswing
of a power MOSFETthatmaximizesefficiency is lower thana standardfull voltageswing. An efficiency
of 88%at a switchingfrequency of 102MHz is achieved for a voltageconversionfrom 1.8 to 0.9 V with
a low-swingdc-dcconverterbasedon a 0.18� m CMOStechnology. Thepower dissipationof a low-swing
dc-dcconverteris reducedby 27.9%ascomparedto astandardfull-swing dc-dcconverter.

2.8 Low Power Domino Logic [32, 33,34, 35]

A circuit techniqueis presentedfor reducingthesubthresholdleakageenergy consumptionof dominologic
circuits. Sleepswitch transistorsareproposedto placeanidle dual thresholdvoltagedominologic circuit
into a low leakagestate.Thecircuit techniqueenhancestheeffectivenessof adualthresholdvoltageCMOS
technologyto reducethe subthresholdleakagecurrentby strongly turning off all of the high threshold
voltagetransistors.Thesleepswitchcircuit techniquesignificantlyreducesthesubthresholdleakageenergy
ascomparedto both standardlow-thresholdvoltageanddual thresholdvoltagedominologic circuits. A
dominoadderentersandleavesa low leakagesleepmodewithin asingleclockcycle. Theenergy overhead
of the circuit techniqueis low, justifying the activation of the proposedsleepschemeby providing a net
savingsin totalpower consumptionduringshortidle periods.

Furthermore,a variablethresholdvoltagekeepercircuit techniqueis proposedfor simultaneouspower
reductionandspeedenhancementof dominologic circuits. Thethresholdvoltageof a keepertransistoris
dynamicallymodifiedduringcircuit operationto reducecontentioncurrentwithoutsacrificingnoiseimmu-
nity. Thevariablethresholdvoltagekeepercircuit techniqueenhancescircuit evaluationspeedby upto 60%
while reducingpower dissipationby 35%ascomparedto a standarddomino(SD) logic circuit. Thekeeper
sizecanbeincreasedwith theproposedtechniquewhile preservingthesamedelayor power characteristics
ascomparedto a SD circuit. Theproposeddominologic circuit techniqueoffers14%highernoiseimmu-
nity ascomparedto a SD circuit with thesameevaluationdelaycharacteristics.Forwardbodybiasingthe
keepertransistoris alsoproposedfor improvednoiseimmunity ascomparedto a SD circuit with thesame
keepersize. It is shown that by applyingforward andreversebody biasedkeepercircuit techniques,the
noiseimmunityandevaluationspeedof dominologic circuitsaresimultaneouslyenhanced.

2.9 On-Chip Power Distribution Network Optimization [43, 44, 45,46,47, 48]

Thedesignof powerdistribution networksin high-performanceintegratedcircuitshasbecomesignificantly
morechallengingwith recentadvancesin processtechnologies.The inductive characteristicsof several
typesof griddedpowerdistributionnetworksaredescribed.TheinductanceextractionprogramFastHenryis
usedto evaluatetheinductive propertiesof grid structuredinterconnect.In powerdistribution gridswith al-
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ternatingpowerandgroundlines,theinductanceis shown to vary linearlywith grid lengthandinverselylin-
earlywith thenumberof linesin thegrid. Theinductanceis alsorelatively constantwith frequency in these
grid structures.Thesepropertiespermit the efficient estimationof the inductive characteristicsof power
distribution grids.To optimizetheprocessof allocatingon-chipmetalresources,inductance/area/resistance
tradeoffs in high speedperformancedistribution gridsareexplored. Two tradeoff scenariosin power grids
with alternatingpower andgroundlinesareconsidered.

Furthermore,ason-chipcurrentsexceedtensof amperesandcircuit clockperiodsarereducedwell below
a nanosecond,thesignalintegrity of on-chippower supplyhasbecomea primaryconcernin theintegrated
circuit design.Thescalingbehavior of theinductive andresistancevoltagedropsacrosstheon-chippower
distribution networks is analyzed.The existing work on power distribution noisescalingis reviewed and
extendedto includethescalingbehavior of theinductanceof theon-chipglobalpowerdistributionnetworks
in high-performanceflip-chip packagedintegratedcircuits. As the dimensionsof the on-chipdevicesare
scaledby � , where �	��
 , the resistive voltagedrop acrossthe power grids remainsconstantand the
inductive voltagedrop increasesby � , if the metal thicknessis maintainedconstant. Consequently, the
signal-to-noiseratio decreasesby � in thecaseof resistive noiseandby � � in thecaseof inductive noise.
As comparedto theconstantmetalthicknessscenario,ideal interconnectscalingof theglobalpower grid
mitigatestheunfavorablescalingof the inductive noisebut exacerbatesthescalingof resistive noiseby a
factorof � . On-chipinductive noisewill, therefore,becomeof greatersignificancewith technologyscaling.
Carefultradeoffs betweentheresistanceandinductanceof thepowerdistributionnetworkswill benecessary
in nanometertechnologiesto achieve minimumpowersupplynoise.

2.10 Inducti ve InterconnectWidth Optimization for Low Power [26, 27]

Thewidth of aninterconnectline affectsthetotal power consumedby a circuit. A tradeoff exists,however,
betweenthe dynamicpower and the short-circuitpower in determiningthe width of inductive intercon-
nects.Theoptimumline width thatminimizesthetotal transientpower dissipationis determined.A closed
form solutionfor theoptimumwidth with anerrorof lessthan6% is presented.For a specificsetof line
parametersandresistivities, the power is reducedby almost80% ascomparedto a minimumwire width.
Consideringthedriver sizein thedesignprocess,theoptimumwire anddriver sizethatminimizesthetotal
transientpower is alsodetermined.Furthermore,theuseof similar optimizationtechniquesin repeatered
linesresultsin a65%reductionin power and97%reductionin delay.

2.11 Low Power VoltageInterface Cir cuit [40]

A bi-directionalCMOS voltageinterfacecircuit is proposedfor applicationsthat requiresignal transfer
betweentwo circuitsoperatingat differentvoltagelevels. Thecircuit canalsobeusedasa level converter
at thedriver andreceiver endsof long interconnectlines for low swingapplications.Theoperationof the
voltageinterfacecircuit is verifiedby bothsimulationandexperimentaltestcircuits. Theproposedvoltage
interfacecircuit operatesat high speedwhile offering significantpower savingsof up to 95%ascompared
to existingschemes.

2.12 Variable Clock FrequencyCir cuit [52]

A circuit to dynamicallyreconfiguretheclock frequency of a synchronousdigital systemaccordingto the
changingneedsof the applicationis developed. The circuit changesthe clock frequency with a minimal
timepenaltyandoffersglitch free,reliableoperation.
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2.13 Micr oarchitecture and Cir cuit Simulation Infrastructur e

In orderto performourresearch,wedevelopedasophisticatedarchitecture,circuit,andapplicationprofiling
infrastructurefor performance,power, andnoisemodeling.This toolsetis readilyavailableto theresearch
communityandhasbeenadoptedby severalgroups.

3 OngoingWork

Thefollowing summarizesourongoingwork in adaptiveprocessingandthedevelopmentof realizableMCD
processors:

� Simultaneousperformanceandenergy optimization.Our efforts in thesetwo areashave beenlargely
focusedon reducingenergy with minimalperformanceloss.Our work in [54] demonstratedthatper-
formancecanbeimprovedusingadaptive processingwithin anMCD processor. However, this effort
exclusively focusedon performanceandignoredenergy efficiency; we alsousedadaptivity in only
a subsetof the potentialcandidates.Moreover, we have not begun to explore how to combinethis
approachwith fine-graindynamicfrequency scaling[41, 53] within MCD. We believe that exploit-
ing thenaturalsynergy betweentheseapproacheswill yield both increasedperformanceandgreater
energy efficiency.

� Adaptiveprocessingandmulti-threading. Thusfar, we have exploredsingle-threadedarchitectures,
whereasthe useof SMT is rapidly gainingmomentumin the server, desktop,andembeddedmar-
ketplaces.We believe that the useof multiple threadsmakesfor aneven morecompellingcasefor
adaptive processingandMCD, dueto thevariationin thenumberof threadsthatmayberunningat
any given time. For instance,many parallelapplicationshave a substantialsequentialcomponent,
andthissinglethreadmayrunsub-optimallyonanSMT supportingfour threadsdueto theparticular
tradeoff madebetweenresourcesizeandclock speedat designtime. Alternatively, multi-threaded
performancemaybe tradedoff at designtime by the needto have goodsinglethreadperformance.
Adaptive processingwithin an MCD designcan be usedto optimize the microarchitectureto the
numberof active threadsandtheircharacteristics.

� Optimizingboth dynamicand leakage energy. Although therehave beenisolatedefforts to reduce
leakageenergy usingadaptation,our adaptive processingandMCD efforts to datehave largely ad-
dresseddynamicpower. A comprehensive study of how bestto optimizecombineddynamicand
leakageenergy needsto beundertaken. As partof this effort, efficientdynamicvoltagescalingdc-dc
converters,adaptive bodybiasgenerators,andvoltageinterfacecircuitsarebeingdeveloped.

� Reducingthe numberof required processorcores. The ubiquity of computingis leadingto the de-
velopmentof many customizedprocessordesignsgearedtowardsa particularclassof applications.
Thisrequireseithermany processordesignteamsproducingseveralcustom-designedcoresin parallel
(therebygreatlyincreasingdesigncosts)or thedevelopmentof synthesizedcoresthatareperformance
andenergy sub-optimal.An openquestionis whethera single,customdesigned,adaptive MCD pro-
cessor, constrainedsoasnot to unduly increasedesigntime anddie area,canprovide a compelling
technicalandeconomicalternative to severalcustomcoredesigns.We intendto performa compara-
tive evaluationof whatenvironmentsandto whatdegreeanadaptive MCD processormight provide
anadvantageoverdesigningmultiplecustomcores.

� Designsimplifications.Issuesof designandverificationcomplexity mayeasilyoverrideimpressive
performanceandenergy savings. We have identifieddesignsimplificationsthat still provide good
results,in order to easethe practicalimplementationof theseideas. We have alreadymadegood
headway in thiseffort with our IBM collaborators,whohaveshown greatinterestin theMCD design.
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In addition,wearecontinuingourwork in energy-efficientmulti-threadedprocessors.Wehavedeveloped
a simulationinfrastructurefor the explorationof ClusteredMulti-Threaded(CMT) processors,in which
multiple threadssharethe resourcesof a clusteredmicroarchitecturein a dynamicmanner. Our prelimi-
naryresultsarevery promising,showing a significantreductionin power comparedto SMT while yielding
competitive performance,andwererecentlypresentedat Intel andIBM.
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